We report on pH-and salt-responsive assembly of nanoparticles capped with polyelectrolytes at vapor-liquid interfaces. Two types of alkylthiol-terminated poly(acrylic acid) (PAAs, varying in length) are synthesized and used to functionalize gold nanoparticles (AuNPs) to mimic similar assembly effects of single-stranded DNAcapped AuNPs using synthetic polyelectrolytes. Using surface-sensitive X-ray scattering techniques, including grazing incidence small-angle X-ray scattering (GISAXS) and X-ray reflectivity (XRR), we demonstrate that PAA-AuNPs spontaneously migrate to the vapor-liquid interfaces and form Gibbs monolayers by decreasing the pH of the suspension. The Gibbs monoalyers show chainlike structures of monoparticle thickness. The pH-induced self-assembly is attributed to the protonation of carboxyl groups and to hydrogen bonding between the neighboring PAA-AuNPs. In addition, we show that adding MgCl2 to PAA-AuNP suspensions also induces adsorption at the interface and that the high affinity between magnesium ions and carboxyl groups leads to two-and three-dimensional clusters that yield partial surface coverage and poorer ordering of NPs at the interface. We also examine the assembly of PAA-AuNPs in the presence of a positively charged Langmuir monolayer that promotes the attraction of the negatively charged capped NPs by electrostatic forces. Our results show that synthetic polyelectrolyte-functionalized nanoparticles exhibit interfacial selfassembly behavior similar to that of DNA-functionalized nanoparticles, providing a pathway for nanoparticle assembly in general. 
Introduction
Polyelectrolytes have been widely used to fabricate functional materials owing to their inherent electrostatic, steric and other interactions that facilitate diverse self-assembly morphologies 1 where immense efforts have been devoted to functionalize planar and particulate substrates with polyelectrolytes. [2] [3] [4] Controllable and well-defined polyelectrolyte deposition or coating allows for potential applications in the fields of optics, catalysis, energy and bioengineering. [5] [6] [7] [8] [9] For instance, a layer-by-layer (LbL) assembly method has been developed for constructing multilayer functional thin films using sequential coating of oppositely charged polyelectrolytes on solid substrates or particles exploiting electrostatic forces. 3, 4, [10] [11] [12] Similar strategies have been exploited in the self-assembly of NPs at fluid-fluid interfaces to stabilize emulsions and foams, to create nanoporous membranes for filtration and encapsulation, and for fabrication of tunable opto-electro-magnetic metamaterials assemblies. [13] [14] [15] [16] [17] [18] [19] The advantage of coating with polyelectrolytes is that it is relatively simple, tunable, and versatile for building nanoscale structures for applications in devices. In addition, polyelectrolytes are diverse as synthetic ones 3, 4 and also natural ones, most important of which are DNA and pro-teins that have been exploited for their specific interactions in programmable assembly strategies. [20] [21] [22] [23] [24] [25] Particularly, single-stranded DNA (ssDNA) functionalization of gold nanoparticles (AuNPs) through thiol-gold chemistry has been extensively used for self-assembly of various super-structures. [26] [27] [28] [29] [30] [31] [32] The unique hybridization ability of complementary ssDNA has led to programmable self-assembly of nanoparticles into remarkable three-dimensional (3D) superlattices of various lattice types. This has been further expanded by combining the functionalization of AuNPs into DNA origami frameworks. [33] [34] [35] [36] Recently, DNA-AuNPs have been reported to assemble into two-dimensional (2D) ordered structures on liquid surfaces induced by salts [37] [38] [39] or templated by charged Langmuir monolayers. [40] [41] [42] Compared to 3D
self-assembly, the simpler 2D systems not only provide an alternative platform to investigate general mechanisms of self-assembly, but also can be produced on macroscopic scales that are industrially viable and robust for future applications. [43] [44] [45] [46] [47] Previous studies in our group have shown that salts-induced 2D self-assembly of ssDNA-AuNPs at the vapor-liquid interface is driven by the overall hydrophobicity that arises from tunable amphiphilic character of alkylthiol-terminated ssDNA in the presence of counterions, such as Mg 2+ that lower the hydrophilic character of DNA. 39 The experimental observations and theoretical considerations suggest that the essential function of ssDNA in the 2D assembly systems is polyelectrolytic in nature. To generalize our findings, we synthesize thiolated polyelectrolytes, i.e., alkylthiolterminated poly(acrylic acid) (PAA) and functionalize AuNPs with PAA to assemble the capped NPs by manipulating the suspension conditions, namely, varying pH and salt concentrations. Figure 1 illustrates conceptually the similarity between functionalization with ssDNA and PAA. Synchrotron-based surface-sensitive X-ray scattering techniques including grazing incidence small-angle X-ray scattering (GISAXS) and X-ray reflectivity (XRR) are employed to monitor the self-assembly and structure of PAA-AuNPs at vapor-liquid interfaces. In addition to using counterions, we tune the pH of the PAA-AuNPs solutions to neutralize the charged groups to drive the PAA-AuNPs to the interface, and more importantly, to induce hydrogen bonding among neighboring PAAs that can lead to more robust superstructures. 
Experimental Methods

Reagents and Materials
Citrate-stabilized gold nanoparticles of nominal 10 nm diameter were purchased from Ted Pella. 6-mercapto-1-hexanol (HO−(CH 2 ) 6 −SH), 9-mercapto-1-nonanol (HO−(CH 2 ) 9 −SH), Synthesis of PAA-Thiol: Alkylthiol-terminated poly(acrylic acid) (PAA−R−SH, R = −(CH 2 ) 6 − or −(CH 2 ) 9 −) are synthesized as disulfides through Cu + catalyzed atom transfer radical polymerization (ATRP) as described elsewhere. 48, 49 As shown in 
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X-ray Scattering Setup
Synchrotron-based surface sensitive X-ray scattering techniques, i.e., grazing incidence smallangle X-ray scattering (GISAXS) and specular X-ray reflectivity (XRR), are used to monitor the interfacial self-assembly of PAA-AuNPs. The scattering experiments were conducted on the liquid surface spectrometer (LSS) at beamline 9 ID-B, Advanced Photon Source (APS), Argonne National Laboratory. The experimental details on the liquid surface scattering setup can be found elsewhere. 39, 42, 46 Briefly, aqueous suspension of PAA-AuNPs contained in a home-built trough is enclosed in a sealed chamber that is purged with water-saturated helium. The liquid surface is illuminated with a monochromatic X-ray beam (photon energy of E = 8.0 keV, wavelength λ = 1.5497Å, wavevector k 0 = 4.0545Å −1 ) at an incident angle α i with the exit angle of α f (with respect to the surface). For the scattering vector Q 
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Results and Discussion I. pH induced interfacial assembly and ordering that PAA-C6-AuNPs self-assemble into a mono-particle layer at low pH levels, and note that the maxima of the ED gradually increase from neutral pH to pH = 2.0-2.2 owing to the interfacial accumulation (i.e. higher in-plane densities), and drop at pH = 1.5 due to precipitation, which is consistent with the GISAXS results.
The pH-dependent interfacial accumulation and ordering of PAA-C6-AuNPs is attributed to the hydrophobic/hydrophilic character of alkyl-PAA ligands in aqueous solutions. Adjusting the pH level affects the dissociation equilibria of carboxyl groups, leading to gradual dominance of the hydrophobic alkyl chains of PAA-capped AuNPs that cause their migration to the interface. The effect of the hydrocarbons is not sufficient to overcome the PAA affinity to water at neutral pH. However, lowering the pH, below roughly the pKa of the carboxyl groups (for PAA the pKa ∼ 4.5 59 ) reduces the PAA affinity to water and gives way to the hydrophobic effect by hydrocarbons to dominate and push the capped NPs to the surface. At neutral pH the majority of carboxyl groups remain charged and the PAAAuNPs bear electrostatic repulsion, while ≥ 97 % of carboxyl groups become protonated at pH ≤ 3, reducing water-affinity and promoting hydrogen-bonding between the neighboring PAA-AuNPs 59 due to the large number of PAA-AuNPs present at the interface. We note that at low pH hydrogen bonds formed between the protonated carboxyl groups facilitate interparticle interactions and robust ordering. 57, 58 Reduction in ssDNA affinity to water by adding salts to DNA-capped AuNPs suspensions and hydrophobic effects (due hydrocarbon segments of the functionalized ssDNA) similarly explain the formation and crystallization of these DNA-AuNPs at liquid-vapor interface. 39 The formed chain-like structure of linked particles is similar to the branched assembly of carboxylates-capped nanoparticles on solid substrates. 60 Although non-specific, the attraction of PAA through hydrogen-bonding is analogous to the hybridization of complementary ssDNA through base-pairing, 61 thus, also consistent with the chain-like results on the base-pairing of complementary ssDNA-capped AuNPs on liquid surfaces. 40 Interestingly, the Gibbs monolayers of PAA-AuNPs consistently maintain a single-particle layer even though crosslinked by hydrogen-bonding, while the complementary ssDNA-AuNPs form roughly a two-layer film at the interface. 39 Based on the ED extracted from the XRR and average interparticle distance (as illustrated in Fig.   4 ) assuming various close-packing (square and hexagonal lattices, and including AuNPs size distributions) we estimate the surface coverage of the PAA-AuNP ordered assemblies to be at 95 − 100% (see more details on calculating the estimated coverage in the SI of Ref. [46] ;
here, surface coverage should not be confused with the hexagonal packing-density of spheres or discs in a plane). Figure 4 : Illustration of the arrangement of PAA-AuNPs at the vapor/solution interface after adjusting the pH to below 3. Based on the GISAXS and the ED extracted from the XRR we estimate the coverage of the short-range-crystalline Gibbs monolayer to be close to 100%
II. Assembly induced by MgCl 2
The effect of MgCl 2 concentrations on the interfacial self-assembly of PAA-AuNPs is described below. (Fig. S12) . Nevertheless, just like for PAA-C6 the surface of PAA-C9-AuNPs is only partially covered with assembled NPs. We argue that the overall hydrophobicity of MgCl 2 -neutralized PAA-C9-AuNPs is higher than that of PAA-C6-AuNPs, thus more PAA-C9-AuNPs accumulate at the interface and have a higher chance to form a complete Gibbs monolayer. Owing to longer PAA chains, PAA-C6-AuNPs probably have inter-particle interactions through the binding of divalent ions Mg 2+ , even before the nanoparticles migrate to the interfaces. By contrast, it is more likely that PAA-C9-AuNPs adsorb at the interfaces as individual particles without inter-particle interactions due to the quite short PAA ligands. (Fig. 7a) shows strong scattering from AuNPs in spite of being less ordered, which is distinct from the featureless pattern from PAA-AuNP suphase alone (Fig.   3a) . Meanwhile, the XRR (Fig. S9) confirms the existence of a mono-particle layer (with thickness of ∼10 nm) beneath the DPTAP monolayer. Recently, the DPTAP has been used to attract negatively-charged ssDNA-capped or citrated-stabilized AuNPs to form 2D nanoparticle assemblies. [40] [41] [42] Here, we show that the PAA-AuNPs can be also assembled using oppositely-charged Langmuir templates at a liquid surface, which bears a resemblance to assembly of DNA-capped nanoparticles. Furthermore, by lowering the pH of the PAA-C6-AuNP subphase in the presence of DPTAP, more particles are adsorbed to the interface as the intensities of first maxima in XRR and the corresponding ED are increased, as depicted in Fig. 8 . The GISAXS results suggest that the ordering of PAA-AuNPs is improved (Q 1 ≈ 0.025Å −1 ) with decreased pH. Although at low pH the protonation of carboxyl groups reduces the charge of PAA-AuNPs, it strengthens significantly the positive charge of the DPTAP and attracts more particles at the interface. Moreover, the increased hydrophobicity as discussed above also contributes to interfacial accumulation of PAA-AuNPs. The XRR (Fig. 7c) shows that, similar to the pH induced Gibbs monolayers, the 2D particle assemblies templated by DPTAP form a mono-particle layer (Fig. 7d) . demonstrating an arrangement tunability 65 and reversible partitioning. 66 Our findings point to the potential of using polyelectrolytes to functionalize nanoparticles and taking advantage of tweaking hydrogen bonding to control their assemblies.
III. Positively charged template-induced assembly and ordering
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Synthesis and characterization of PAA
The reaction procedure for synthesis of alkylthiol-terminated PAA is shown in Fig. 2 . The reaction products at different stages were characterized by 1 H NMR spectroscopy using a Varian VXR-300 MHz NMR spectrometer, with deuterated chloroform or water as the solvents. Molecular weight and PDI of the as-synthesized [PtBA−R−S] 2 were estimated by gel permeation chromatography (GPC) with an RI and UV absorption detector assembly.
Tetrahydrofuran was used as the solvent for all the solvents at 40
• C, at a flow rate of 1.0 mL/min. Polystyrene standards were used for obtaining the calibration curve.
Synthesis of PAA-C6
NMR results: Dynamic light scattering is used to determine the hydrodynamic size (D h ) of PAA-capped AuNPs. As shown in Fig. S6 , the hydrodynamic size is dramatically increased from ∼9 nm to ∼27 nm after grafting PAA on AuNPs.
As theoretically documented in other system of polymer-grafted NPs (e.g., polyethylene glycol-capped AuNPs), the hydrodynamic size D h of a given polymer-capped NP with a core size of D is expressed as
where b is the Kuhn length of the capped polymer, R max is the contour length of PAA polymer and is given by R max = 2l cc sin(θ/2)N r = 0.252N r nm (l cc = 1.54Å being the C-C bond length, θ = 109.5
• being the tetrahedral C-C bond angle, N r being the number of AA monomers in the given PAA polymer), σ is the grafting density, and w 0 is a dimensionless three body interaction, where we use the Flory result w 0 = 1/6, so that (2w 0 ) 1/4 = 0.76. This model allows us to estimate the grafting density of PAA on AuNPs based on the measured hydrodynamic size.
Here, we assume that PAA is an ideal chain and obeys R Dilute clusters give rise to GISAXS, however the coverage is very low thus the X-ray reflectivity is dominated by the scattering from the bare solution.
A comment on the formation of Gibbs Monolayer
In this manuscript, we use the term Gibbs monolayer (ML) to describe a spontaneously formed monolayer from a suspension of a polyelectrolyte-capped AuNPs by manipulation of the solution (pH or salt). By contrast, a Langmuir ML is created by spreading amphiphilic and water-insoluble molecules directly at the air/water interface. The surfactant community generally deals with short chain amphiphilic molecules that if sufficiently long become insoluble and can form Langmuir monolayers. Here, we are dealing with PEs that are practically water soluble and only by virtue of changing pH or salt concentration induce hydrophobic character to the PE. The migration to the surface is a dynamic phenomena to a certain point, however our experience shows that under certain conditions we achieve equilibrium S10 or more correctly a steady state and saturated ML. For short surfactants, salt concentration lowers the CMC but does not significantly increase surface density to the point of crystallization. Also as short surfactants undergo formations of micelles, bi-continuous phases, lamellar structures, and even reverse micelles. Here, the situation is ill defined as we do not exactly know what happens at high concentrations of capped-AuNPs bulk (as it is impractical) and as the surface is fully covered (at high pH or salt concentrations), we observe precipitates.
